A new method to more accurately estimate the impact mass when an elastic ball is impacting on a surface of an elastic plate is suggested. Conventionally, frequency ratio (FR) and center frequency techniques have been widely used for a mass estimation. However, these methods do not work when the mounting effect of a sensor is dominant and/or the operating background noise becomes high. Thus a new technique to eliminate these effects by using a time-frequency analysis is attempted and verified through an experiment. It is revealed that the proposed method is valid for estimating the center frequency of an impact response signal easily even in a noisy environment, thus making a mass estimation of an impact source on a plate type structure more successful than the conventional techniques.
Introduction
The impact source localization and mass estimation techniques for an elastic dispersive medium such as plate and shell structures by using accelerometers have been two crucial issues for the detection and diagnosis of loose parts in nuclear power plants. [1] [2] [3] [4] Presently, many a new source localization method has been developed and successfully applied in the industry. [5] [6] [7] However, the mass estimation problem has not been as successful as the localization one. This is because a one dimensional spectral analysis has been used to analyze the resultant impact signals. In other words, the conventional Fourier analysis provides the dynamic characteristics of a linear time invariant system by the definition that it has a whole waveform function as a basis. This means that a small amount of a local frequency perturbation at a particular time could not be identified in this analysis. Therefore this makes it very difficult to define the center frequency of the impact response signals, resulting in a poor estimation for the impact mass.
Recently, the two dimensional time-frequency analysis techniques have been addressed to estimate the transient behaviors of an impact response signal in a dispersive medium in which the higher frequency components in the signal propagate faster than the lower frequency ones.
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Thus the time-frequency analysis is expected to provide clear information on the center frequency embedded in a nonstationary impact response signal. In this paper, a new idea by using a smoothed Wigner-Ville distribution which is one of the popular time-frequency analysis techniques is suggested for a more reliable mass estimation of an impact source for a plate type structure. An experiment is also being conducted to verify the usefulness of the proposed technique.
Theory

Mass estimation method
Two typical methods have been widely used to estimate the impact mass of an elastic metal ball when impacted on an elastic metal plate. One is a center frequency method and the other is a FR (Frequency Ratio) method.
The center frequency f c for a measured signal sðtÞ is defined as 3) 
where, i is the number of frequency intervals, f is a frequency, f ci is a center frequency at the ith interval, and R fi is a ratio of Sð f Þ to S n ð f Þ at the ith frequency interval. Sð f Þ is an auto-power spectral density of a measured impact response signal sðtÞ, and S n ð f Þ is an auto-power spectral density of a background noise. Based on the center frequency of the measured impact response signal from eq. (1), the impact mass can be estimated by the Hertz's impact theory 6) as follows:
where, T d ¼ 1:6=ð2 Á f c Þ, k h is a material constant which is a function of the Young's modulus and the Poisson's ratio of the plate and impacting object, 6) m is a mass of the impacting object, V 0 is the velocity of the impacting object, and R is the radius of the curvature at the contact point of the impacting object.
Next, the FR (Frequency Ratio) for a measured signal sðtÞ is defined as where f is a frequency, and Sð f Þ is an auto-power spectral density of a measured signal sðtÞ. The f r;min and f r;max denote the minimum and maximum frequency of the higher frequency band, respectively. The f s;min and f s;max denote the minimum and maximum frequency of the lower frequency band, respectively.
Then the FR becomes a function of the impact mass because the signal power in the lower frequency range is dependent on the impact duration which is also subjected to the impact mass. Accordingly, the impact mass can be obtained by using the 'FR versus mass' diagram previously obtained by an experiment. 4) It is noteworthy that both the center frequency and FR methods assess the impact mass by utilizing the frequency spectra of the impact response signal. Thus these techniques are only reliable when the multi path effect of the propagating response signal is negligible and the signal has a high signalto-noise ratio (SNR). Actually, the measured response signals obtained from operating structures contain a background noise, a resonance component of a sensor mounting and reflected waves, etc. Therefore, in a noisy environment, the conventional methods using one dimensional power spectra may fail to estimate the impact mass. To overcome this, we propose a new technique for an impact mass estimation by using smoothed Wigner-Ville distributions with an asymmetric exponential kernel. The next section describes the details of the proposed method.
Proposed technique
Wigner-Ville Distribution (WVD) Wðt; f Þ and its ambiguity function Að; Þ are defined as [7] [8] [9] Wðt; f Þ ¼
and
respectively. Where, zðtÞ is the analytic function of a measured signal sðtÞ, is a time delay, j means ffiffiffiffiffiffi ffi À1 p and Ã denotes a complex conjugate. By applying a two dimensional smoothing function Èð; Þ to the ambiguity function Að; Þ, the general form of a smoothed WVD can be obtained as 7) W SM ðt; f Þ ¼ 
where, is a weighting factor in the ambiguity domain ð; Þ; a small value means an increase of the smoothing effect and a large value means a decrease of the smoothing effect. It has already been reported that the WVD of an impact response signal (the lowest mode of flexural wave) on an elastic plate shows a monotonic curve whose power is always located within the 2nd and 4th quadrants in the ambiguity domain, however, the random noise terms are scattered in every quadrant. Based on this property, we can weight the value of the weighting factor in each quadrant differently to exclude the noise power in the 1st and 3rd quadrants. Figure 1 illustrates an asymmetric exponential window in the ambiguity domain for reducing the noise effect and the cross terms, simultaneously. 7) Then, the smoothed WVD with an asymmetric exponential window can be used not only for reducing the noise effect in the signal, but also for estimating the center frequency of the direct path wave group of the impact response signals. Eventually, this makes it possible to enhance the mass estimation capability.
Experiment and Discussion
An experiment has been performed to investigate the validity of the proposed time-frequency analysis technique for estimating an impact mass on a plate. Figure 2 represents the experimental setup and schematic of the data acquisition and signal analysis of the impact response signals for an elastic square plate (2 m Â 2 m, 10t). The plate is made of SUS304 stainless steel and it is vertically hinged. Four sensors were used for measuring the acceleration signals generated by the impact of a steel balls (17.6, 36.8, 67.6, and 131.6 gram). The impact is generated by dropping the steel ball onto the plates' surface as shown in Fig. 2 . Table 1 summarizes the basic conditions for experiment and signal processing. Figure 3 shows a smoothed WVD of the fourth sensor (S4) signal for an impact with a 17.6 gram steel ball. Figure 3 (a) and (b) represent the time response and auto power spectral density of the measured acceleration, respectively. In Fig. 3(b) , one could make a mistake by considering 18 kHz as the center frequency of the impact response. However, by observing the time-frequency analysis shown in Fig. 3(c) , one can easily determine that the center frequency is 12.9 kHz, where the peak at 18 kHz is a mounting resonance component of the accelerometer. A simulation is performed to verify the applicability of the proposed method in a noisy environment. For this purpose, a zero mean Gaussian random noise with 2 ¼ 1 is artificially mixed with the acceleration signal measured at the third sensor (S3). Figure 4 (a) represents a WVD of the measured acceleration signal due to an impact with a 36.8 gram steel ball. In Fig. 4(a) , one can see that dispersive flexural wave component is represented as a curved line with a negative slope in the time-frequency domain. In addition, one can easily identify the center frequency in the time-frequency domain. Figure 4 (b) shows a WVD of the signal containing a Gaussian random noise with a SNR equal to 0.5. The SNR is a variance ratio of a measured signal to Gaussian noise. In Fig. 4(b) , it is not easy to find out the impact response component and the center frequency due to the noise. An asymmetrically weighted exponential function used for reducing the noise effect is depicted in Fig. 4(c) . As a result, the noise rejection capability of the proposed method Fig. 4(b) , one can see that the noise term has been remarkably reduced and therefore it is possible to identify an impact response component in the time-frequency domain. Table 2 summarizes the comparison results of the mass estimation between the conventional center frequency method and the proposed method. In addition, Table 3 compares the FR values and mass estimation results obtained by the conventional FR method and the proposed technique. Figure 5 shows the 'relation between the FR value and the impact mass' that used for estimating the impact mass. To obtain the plot of 'impact mass vs. FR value', auto-power spectral density of the measured acceleration signals (S1, S2, and S3 sensor) due to impact of steel balls (16.7, 36.8, 67.6, and 131.6 gram) are used. In Table 2 and Table 3 , it is observed that the errors of mass estimation increase as the SNR decreases. In addition, one can observe that overall estimation error of the smoothed WVD technique is relatively smaller than that of the conventional method. It has been found that the smoothed WVD technique provides a useful means for an impact mass estimation, even in a noisy environment throughout Fig. 4(d) , Table 2 and Table 3 . Therefore, it is expected that the reliability of an impact mass estimation could be enhanced when the proposed timefrequency analysis technique is applied to an impact mass estimation problem for a plate type structure.
Conclusions
The objective of this work is to enhance the impact mass estimation capability of a loose parts monitoring in a noisy environment. For this purpose, a two dimensional timefrequency analysis technique by using a smoothed WignerVille distribution was proposed. Also, experiments were carried out to verify the validity of the proposed method. The results showed that even in a noisy environment, the smoothed Wigner-Ville distribution can provide a more reliable means for estimating an impact mass of a steel ball for a plate type structure. It is expected that the proposed method can be used to enhance the accuracy of an impact mass estimation for a loose parts monitoring. Enhancement of Impact Mass Estimation Algorithm for a Plate Type Structure
